We previously showed that treatment of different cell lines with interferon-c~ (IFN-c0 concurrently inhibited both cell growth and the rise observed in 1-'5I-labelled transferrin binding when cells are exposed to culture conditions that stimulate proliferation. To gain insight into the relationship between these two IFN-induced inhibitory processes, we investigated the effect of IFN-c~ on the binding of ~ 25I-labelled transferrin to Daudi cells sensitive or resistant to its antiproliferative action. We found a close correlation between the ability of IFN-~ to inhibit cell growth and to inhibit transferrin receptor expression. Since growth inhibition induced by other agents is not always accompanied by an inhibition of transferrin receptor expression, the previous and present observations suggest that the inhibitory effect of IFN on this expression is at least one of the mechanisms by which IFN inhibits cell proliferation. We also observed that IFN-c~ did not modify transferrin receptor biosynthesis in IFN-sensitive Daudi cells, suggesting that IFN-c~ may change the processing of the transferrin receptor molecules, making them unable to bind transferrin.
INTRODUCTION
Iron is essential for many biological processes (Bergeron, 1986) and is supplied to cells by the internalization of iron-loaded transferrin bound to its receptor (Karin & Mintz, 1981 z Klausner et al., 1983 Dautry-Varsat et al., 1983) . Transferrin receptors are expressed ubiquitously on proliferating cells and several findings suggest that the interaction between transferrin and its receptors play a crucial role in cell growth. A marked increase in the number of transferrin receptors occurs when stationary cells are stimulated to proliferate (Galbraith & Galbraith, 1981; Hamilton, 1982; Neckers & Cossman, 1983; Chitambar et al., 1983) . In contrast, the number of transferrin receptors diminishes when cells stop dividing (Tei et al., 1982; Besanqon et al., 1985) . Interferons (IFN) are a family of proteins which exert numerous biological effects on cells, including inhibition of viral replication and cell multiplication,, and modulation of the immune response and of the expression of several genes (Stewart, 1979; Weil et al., 1983; Friedman & Stark, 1985; Clemens, 1985) . The precise molecular mechanism of the antiproliferative action of IFNs is not yet clear. The relationship described above between transferrin receptor expression and cell proliferation previously led us to investigate the possibility that IFN modifies the number of transferrin receptors. We observed that IFN-c~ (Besanqon et aL, 1985) and IFN-7 (M.-F. Bourgeade, F. Silbermann, M. N. Thang & F. Besan~on, unpublished results) reduced transferrin receptor expression in cells sensitive to their antiproliferative effect. This reduction may be at least one of the mechanisms by which IFN inhibits cell proliferation. In an attempt to strengthen this hypothesis, we used clones of Daudi transferrin, 1 x 10 ° cells were washed once with RPMI medium at 20 °C and resuspended in 200 pl of cold RPMI 1640 medium containing 1 mg/ml BSA and 10 mM-HEPES. 12SI-labelled transferrin was added to the cells to a final concentration of 1 ~tg/ml and binding was allowed to proceed at 4 °C for 2 h, which corresponded to the equilibrium binding time for both control and IFN-treated cells (data not shown). The temperature of 4 °C was chosen to prevent the internalization of ligand receptor complexes. After incubation, the 200 gl of cell suspension was layered over 150 ~tl of a mixture of dibutyl phthalate (Merck) and dinonyl phthalate (Merck) (final density, 1.02) and centrifuged at 10000 g for 5 rain. The supernatant and phthalate cushion were removed and the radioactivity of the pellet, representing the total binding, was measured in a gamma counter. To estimate the number of transferrin receptors, binding assays were performed as described above, except that increasing concentrations, from 0.5 to 40 nM, of t25I-labelled transferrin were added to the cells.
Non-specific binding was determined by allowing the binding to proceed in the presence of a 1000-fold excess of unlabelled iron-loaded transferrin and did not exceed 5% of the total binding. Results are the means of four experiments and express specific binding, i.e. the difference between total and non-specific binding.
Pulse-labelling of transferrin receptors with [35S]methionine and isolation by affinity chromatograph)'. Parental
Daudi cells were stimulated to proliferate in the presence or absence of IFN-cc After 48 h, they were washed with methionine-free RPMI medium and incubated in 10 ml of the same medium for 1 h at 37 °C. They were then labelled by incubation in 2 ml of methionine-free RPMI medium containing 5% dialysed foetal calf serum, 10 mM-HEPES and 100 gCi/ml [35S]methionine for 2 h at 37 °C. The cells were then washed three times in RPMI medium containing 2 mM-methionine and lysed in phosphate-buffered saline (PBS) containing 1% Triton X-100 and 1 mM-PMSF. After 30 min at 4°C and centrifugation for 15 min at 10000 g, the supernatant was used as the starting material for isolation of transferrin receptors by affinity chromatography as described previously (Louache et al., 1984) . Briefly, 200 ~tl of this supernatant was added to 30 gl of Sepharose transferrin obtained by coupling purified iron-loaded human transferrin to CNBr-activated Sepharose 4B (Pharmacia). Incubation was carried out with gentle stirring for 30 min at 20 °C and then for 1 h at 4 °C. The gel pellet was then washed three times at 4 °C with 1 ml of PBS containing 0.5% Triton X-100 and 1 mM-PMSF, and was washed another three times with 1 mI PBS containing 0.5 M-NaCI, 0.5° / Triton X-100 and 1 mM-PMSF. The gel was then suspended in 50 gl of 50 mM-Tris-HCI pH 7 containing 1% SDS and 5% 2-mercaptoethanol and the mixture was boiled for 5 rain to release the proteins. analysed by 7-5~ polyacrylamide slab gel electrophoresis (Laemmli, 1970) . The gels were fixed and dried for autoradiography. The receptor band was detected by exposing X-ray film to the gels (Hyperfilm, Amersham) , and quantified using a scanning densitometer.
SDS-polyacrylamide gel electrophoresis and autoradiography.

RESULTS AND DISCUSSION
The effect of IFN-a on transferrin receptor expression was evaluated by measuring l zsIlabelled transferrin binding to control and IFN-a-treated cells. Stationary IFN-sensitive or -resistant Daudi cells were subcultured at low density (2 x 10 s cells/ml) to stimulate proliferation in the presence of l, 10 or 100 IU/ml of IFN-a2 or in absence of IFN. 12SI-labelled transferrin binding assays were performed just before cell stimulation and at different times thereafter.
As shown in Fig. 1 , a marked increase in transferrin receptor expression was observed after stimulating the growth of all the clones tested, as we previously reported for parental Daudi cells (Besanqon et al., 1985) . Treatment with IFN-ct (1 IU/ml) started together with stimulation. After 48 h, controls or IFN-treated cells were incubated with increasing concentrations of 125I-labelled transferrin ranging from 0-5 to 40 nM as described in Methods. In this representative experiment, the number of receptors/cell for control and IFN-ct-treated parental Daudi cells was 78000 and 55000 respectively and the dissociation constants were 4.5 × 10 -9 and 4.4 x 10 -~ M respectively. The number of receptors/cell for control and IFN-c~-treated DIF3 REV5 was 90000 and 58000 respectively, and the dissociation constants were 5.7 x 10 -9 and 6-9 x 10 -9 M respectively. both cell lines with increasing concentrations of 125I-labelled transferrin revealed that, at saturating concentrations (approx. 20 nM), 12SI-labelled transferrin binding to parental Daudi and DIF3 REV5 cells was reduced by 32 and 38~ respectively after IFN treatment (Fig. 2) . Scatchard analysis (Scatchard, 1949) of these binding data showed that preincubation of both cell lines with IFN-~ reduced the number of available binding sites on the cell surface without causing any apparent change in the affinity of the transferrin receptor for its ligand (Fig. 2,  insets) . In DIF3-17 cells, however, which are resistant to the antiproliferative effect of IFN, transferrin receptor expression was not affected by IFN-c~ treatment (Fig. 1) . In the other two IFN-resistant strains tested, i.e. DIF3 and DIFs, IFN-c~ did not affect 125I-labelled transferrin binding (data not shown).
IFN-a and transJerrin receptor expression
In accordance with these results, a good correlation was observed between the ability of IFNto inhibit cell growth and transferrin receptor expression in these different clones of Daudi cells. These findings are in agreement with our previous observations showing a similar correlation in different cell lines treated with IFN-~ or -~. Thus, incubation of K562 cells, Daudi cells and human phytohaemagglutinin-stimulated lymphocytes with IFN-~ resulted in concurrent inhibition of cell growth and of transferrin receptor expression (Besanqon et al., 1985) . In these cell lines, which are resistant to the antiproliferative effect of IFN-y, the latter did not affect transferrin binding (M.-F. Bourgeade et al., unpublished results; Gr6nberg et al., 1985 ; Chen et al., 1986) . IFN-~, in contrast, did inhibit both cell growth and transferrin receptor expression in WISH cells (M.-F. Bourgeade et al., unpublished results).
The following experiments were subsequently conducted to verify that the decrease in 1251-labelled transferrin binding was not the consequence of the inhibition of cell growth by IFN. For this purpose, stationary Daudi cells were subcultured in the presence of the double-stranded RNA, r(I)n" r(C12U)n, an inhibitor of cell proliferation (Ts'o et al., 1976) . This treatment did not affect the transferrin-binding capacity of the cells, although it substantially inhibited their growth rate (Fig. 3) . This is in line with the results reported by others (Rao et al., 1986) showing that inhibition of CCRF-CEM cell proliferation by hydroxyurea, thymidine or cytosine 2652 F. BESANCON AND OTHERS arabinosine did not inhibit their transferrin receptor expression. Furthermore, we also previously reported that culture of K562 cells in serum-free medium (and therefore in the absence of cell proliferation) enhanced their transferrin-binding capacity (Besanqon et al., 1985) . Taken together, these data show that reduced cell proliferation is not always accompanied by the inhibition of transferrin receptor expression and tend to indicate that the decrease in the transferrin binding capacity of IFN-treated Daudi cells is not simply the consequence of cell growth inhibition.
All these observations suggest that the inhibitory effect of IFN on transferrin receptor expression is at least one of the mechanisms by which IFN can inhibit cell proliferation. To determine the mechanism by which IFN-~ reduces the expression of transferrin receptors on the cell surface, we compared the rate of their biosynthesis in control and IFN-treated cells. For this purpose, untreated Daudi cells or cells treated with IFN-c~ for 48 h were pulse-labelled with [35S]methionine. The amount of 35S-labelled protein did not change significantly after IFN treatment, indicating that there was no general reduction in the protein synthesis of IFN-treated cells. The transferrin receptors present in the cell extracts, which were obtained from the same number of control and IFN-treated cells, were isolated by their affinity for Sepharosetransferrin and analysed by SDS-polyacrylamide gel electrophoresis. As shown in Fig. 4 , newly synthesized receptors isolated from control cells (lane 1) or IFN-~-treated cells (lane 2) migrated in 7.5 ~ SDS-polyacrylamide gel electrophoresis as two close bands of 90K under reducing conditions. The band with the lower mol. wt. probably represents the immature form of 90K which is not terminally glycosylated . (Schneider et al., 1982) . Comparison of the intensity of the bands in lane l with that of the bands in lane 2 by scanning the autoradiogram revealed no difference, suggesting that the rate of transferrin receptor biosynthesis was the same in control and IFN-treated cells. This result was unexpected since we previously observed that IFN-~ reduced the total number of receptors and did not increase their degradation (Besan~on et al., 1985) . We had previously suggested that the IFN-induced enzyme 2'5'-oligoadenylate synthetase believed to be implicated in the antiproliferative action of IFN (Krishnan & Baglioni, 1981 ; Creasey et al., 1983 ) might be involved in the down-regulation of transferrin receptor expression by IFN. This enzyme polymerizes ATP into 2'5'-oligoadenylates which activate a latent endoribonuclease capable of degrading mRNA and rRNA (for review, see Lengyel, 1982) . As in the present work, IFN-~ did not alter transferrin receptor biosynthesis, and it is unlikely that 2'5'-oligoadenylate synthetase is implicated in the reduction by IFN-c~ of transferrin receptor expression. One possibility is that IFN-~ changes the pattern of the posttranslational modifications occurring in transferrin receptors, so that they are no longer able to bind transferrin. Another possibility is that, by increasing the rigidity of the plasma membrane lipid bilayer, IFN perturbs membrane structure (Wang et al., 1981) and therefore impairs the accessibility of transferrin to its receptor. In line with this possibility, previous observations suggested that the lipid environment of the receptors in the cell membrane regulate receptor binding activity (Testa et al., 1983) .
As regards IFN-% we have previously shown that this IFN strongly inhibited the biosynthesis of transferrin receptors (M.-F. Bourgeade et al., unpublished results). Consequently, IFN-ct and IFN-~ clearly reduce transferrin receptor expression through different molecular mechanisms.
Studies are under way to test whether treatment of cells with IFN-ct and -~ together produces a synergistic effect on transferrin receptor expression. If this proves to be the case, it might partly explain the synergistic potentiation of anticetlular activity observed by Fleischmann (1982) after treatment of murine cells with IFN-ct/fl and IFN-%
